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A stable, persistent infection of A172 human glioblastoma cells with simian virus 40 (SV40) was readily
established after infection at an input of 450 PFU per cell. Only 11% of the cells were initially susceptible to
SV40, as shown by indirect immunofluorescent staining for the SV40 T antigen at 48 h. However, all cells
produced T antigen by week 11. In contrast, viral capsid proteins were made in only about 1% of the cells in
the established carrier system. Weekly viral yields ranged between 104 and 106 PFU/ml. Most of the capsid
protein-producing cells contained enormous aberrant (lobulated or multiple) nuclei. Persistent viral DNA
appeared in an episomal or "free" state exclusively in Southern blots and was indistinguishable from standard
SV40 DNA by restriction analysis. Viral autointerference activity was not detected, and yield reduction assays
did not indicate defective interfering particle activity, further implying that variant viruses were not a factor
in this carrier system. Interferon was also not a factor in the system, as shown by direct challenge with vesicular
stomatitis virus. Persistent infection resulted in cellular growth changes (enhanced saturation density and
plating efficiency) characteristic of SV40 transformation. Persistent infection also led to an increased frequency
of cytogenetic effects. These included sister chromatid exchanges, a variety of chromosomal abnormalities (ring
chromosomes, acentric fragments, breaks, and gaps), and an increase in the chromosome number. Neverthe-
less, the persistently infected cells continued to display a bipolar glial cell-like morphology with extensive
process extension and intercellular contacts.

The papovaviruses have attracted medical interest primar-
ily because of their ability to induce tumors in laboratory
animals and neoplastic transformation of cells in culture. Yet
despite the wide distribution of these viruses in populations
of their natural hosts (including humans), they have not been
associated with any common human illness. However,
papovaviruses are the etiological agents of progressive mul-
tifocal leukoencephalopathy (PML), a rare, slowly progress-
ing demyelinating disease, found predominantly in patients
with impaired cell-mediated immunity (54; see reference 38
for a review). JC virus, a human papovavirus, has been
implicated in most cases ofPML, and simian virus 40 (SV40)
has been associated with several others (52). There were no
clinical differences between the JC virus- and SV40-
associated cases. Also note that a disease with striking
similarities to PML occurs in the Asian rhesus macaque (13),
the natural host of SV40.

Primary papovaviral infections, which are either aclinical
or very mild, often lead to the persistence of latent virus in
several organ systems for indefinite periods (12, 15, 16). It is
not known whether PML results from activation of latent
papovaviral infections within the brain or, instead, from
viruses activated elsewhere in the body which spread to the
brain. Regardless, the brain appears to be the only organ in
which papovaviral infection is pathogenic.
There is no animal model of PML, since it has not yet been

possible to experimentally induce this disease in animals.
Also, the development of cell culture model systems ofPML
has been seriously impeded by the lack of easily available
cell cultures able to support efficient JC virus replication and
able to remain viable for extended periods of time (39).
However, because SV40 has been associated with PML in
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humans (52), the study of the interaction of this readily
cultivable virus with human neural cells in vitro should
provide insights into the pathogenesis of PML.

In this report we describe a system of human glioblastoma
cells (A172 line) persistently infected with SV40 which
reflected several aspects ofPML in the human brain. Among
the features of this system were the following. Whereas the
SV40 tumor (T) antigen was produced by all cells of the
system, only a small percentage of the cells produced virus.
The virus-producing cells contained grossly swollen aber-
rant nuclei. Viral DNA was nondefective and was found to
persist exclusively in an episomal or "free" state. The cells
displayed growth changes (i.e., increased saturation density
and plating efficiency) characteristic of SV40 transformation.
Persistent infection also caused an increase in the number of
cellular chromosomes and in the frequency of cytogenetic
damage. The implications of these findings are discussed.

MATERIALS AND METHODS

Cells and virus. The A172 line of human glioblastoma cells
(11) was kindly provided by Frank O'Neill. Cells were cul-
tivated in Dulbecco modified Eagle (DME) medium supple-
mented with 10% fetal calf serum in a humidified 5% CO2
atmosphere. SV40 strain 777 was prepared for infection as
previously described (36).

Indirect immunofluorescence. SV40 T and V antigen-pro-
ducing cells were identified by indirect immunofluorescent
staining as previously described (36). Antiserum prepared by
inoculation of rabbits with purified SV40 empty capsids
previously disrupted by treatment with sodium dodecyl
sulfate was kindly provided by Harvey Ozer. Antisera
prepared in rabbits against the purified SV40 capsid proteins
VP1 and VP3 were kindly provided by Harumi Kasamatsu.
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DNA preparation and analysis. Viral and cellular DNAs
were selectively extracted by the method of Hirt (17). Viral
DNA-containing Hirt supernatant fractions were concen-
trated with polyvinylpyrrolidone, and form I supercoiled
DNA was isolated by equilibrium centrifugation in CsCl-eth-
idium bromide gradients followed by dialysis against 10 mM
Tris-1.0 mM EDTA (pH 7.5). Hirt precipitate fractions,
which contained high-molecular-weight cellular DNA, were
suspended in Dulbecco phosphate-buffered saline (137 mM
NaCl, 8 mM Na2HPO4- 7H20, 1.5 mM KH2PO4, 3 mM
KCl) and phenol extracted as described by Ketner and Kelly
(21). DNA was precipitated with ethanol and dissolved in 10
mM Tris-1.0 mM EDTA (pH 7.5).

Restriction endonucleases were obtained from Bethesda
Research Laboratories, and reactions were carried out with
a 4- to 10-fold excess of enzyme under the conditions
recommended for each enzyme by the manufacturer. Re-
striction fragments were separated by electrophoresis in
1.0% agarose gels in a Tris-acetate buffer (50 mM Tris, 20
mM sodium acetate, 2 mM EDTA, 18 mM NaCl [pH 8.05]).
Gels were stained by immersion in ethidium bromide (0.5
,ug/ml) for 30 min and viewed with a shortwave UV transil-
luminator.

Restriction fragments were transferred from the gels to
nitrocellulose membrane filters (0.45 pLm; Schleicher &
Schuell, Inc.) in 10x SSC (lx SSC is 0.15 M NaCl plus 0.015
M sodium citrate) by the blotting method of Southern (49).
The filters were then air dried, baked in vacuo for 2 h at
80°C, and then incubated for 4 h at 68°C in heat-sealed
plastic bags containing prehybridization solution (6x SSC,
0.1% Ficoll, 0.1% polyvinylpyrrolidone, 0.1% bovine serum
albumin). The prehybridization solution was then replaced
with hybridization solution (6x SSC, 0.02% Ficoll, 0.02%
polyvinylpyrrolidone, 0.02% bovine serum albumin, 0.5%
sodium dodecyl sulfate, 0.001 M EDTA, sheared denatured
calf thymus DNA [100 ,ug/ml]), to which 100 ng of SV40
[32P]DNA (specific activity, 105 cpm/ng) was added. SV40
[32P]DNA was prepared from a pBR322 plasmid (p777B) that
contained the SV40 genome (strain 777) cloned into the
BamHI site (kindly provided by Michael Piatak) and labeled
in vitro by nick translation (45).

Hybridization was carried out for 18 to 24 h at 68°C, the
hybridization solution was removed, and the filters were
washed twice for 0.5 h at 68°C in 2x SSC-0.5% SDS, once
for 0.5 h at 68°C in 2x SSC, and once for 0.5 h at room
temperature in 2x SSC. The filters were then air dried, and
viral DNA-containing bands were detected by autoradiog-
raphy with Kodak XAR X-ray film with or without intensi-
fying screens.

Transformation assay. Monolayer cultures were sus-
pended with trypsin, washed, serially diluted in DME me-
dium containing either 1, 2.5, or 10% fetal calf serum, and
plated at several cell concentrations ranging from 1.6 x 103
to 1.3 x 105 cells per 35-mm plastic dish in DME medium
containing either 1, 2.5, or 10% fetal calf serum. Plates were
incubated at 37°C. Media were changed on day 6. On day 10,
media were removed, and the cells were washed with Hanks
balanced salt solution, fixed with 95% ethanol, and stained
with Giemsa.
Chromosome studies. Sister chromatid exchanges (SCE)

were detected by a technique that accomplishes the differ-
ential staining of the two chromatids of a single chromosome
(43). Briefly, cells were incubated with 5-bromodeoxyuri-
dine for two rounds of cell replication, allowing its incorpo-
ration into both DNA strands in one chromatid, but in only
one strand of its sister chromatid. Such chromatids stain

differentially with a combination ofthe fluorochrome Hoechst
33258 plus Giemsa.

RESULTS
Establishment of the persistent infection. Subconfluent

monolayer cultures of the A172 line of human glioblastoma
cells were infected with SV40 at an input multiplicity of 450
PFU per cell. Only 11% of the cells were initially infected, as
indicated by indirect immunofluorescent staining for the
SV40 T antigen at 48 h postinfection. In contrast, 92% of
CV-1 green monkey kidney cells, infected under the same
conditions, displayed the SV40 T antigen at 48 h.

After the first week of infection, when only about half of
the A172 cells remained attached to the culture dishes, the
titer of extracellular virus in the medium and the titer of
cell-associated virus harvested into an equivalent volume of
medium were each about 5 x 105 PFU/ml. Parallel infected
CV-1 cultures yielded about 2 x 107 PFU/ml and were
essentially completely destroyed after 1 week.
The SV40-infected A172 cultures were fluid changed after

the first week and thereafter did not display any noticeable
cytopathic effects whatsoever, despite the continuous pro-
duction of infectious virus. Indeed, the productively infected
cultures were routinely passaged (1:3 subculture) on a weekly
basis after the third week, despite viral titers of between 104
and 106 PFU/ml in the media.
The fraction of T-antigen-producing cells increased during

subsequent weeks such that about half of the cells were T
antigen positive at week 4 and nearly all appeared positive
by week 11 (Fig. 1A). However, the fraction of T antigen-
producing cells inexplicably fluctuated during later weeks.
In contrast, only about 1% of the cells in the established
SV40-A172 system produced viral structural proteins at any
time, as shown by indirect immunofluorescent staining with
antisera prepared against purified and subsequently dis-
rupted empty SV40 capsids (Fig. 1B). Similar results were
obtained with antisera prepared against purified SV40 capsid
proteins VP1 and VP3 (Fig. 1C and D). This indicates that
SV40 persistence in A172 cells is mediated by a carrier
culture mechanism in which only a small fraction of the cell
population supports the productive infection at any moment.
Note that some of the cells in the SV40-A172 carrier

system contained capsid protein-producing nuclei that at-
tained enormous proportions. Some of these nuclei also
displayed extraordinary deformations, having become irreg-
ularly lobulated or multiple (Fig. 1B, C, and D). This nuclear
aberrancy did indeed correlate with viral late gene expres-
sion, since it was displayed by 75% of the capsid protein-
producing nuclei, whereas it was rare among the much larger
population of T antigen-producing cells.

Physical state and nature of SV40 DNA in the carrier
system. The state of the viral genomes in the persistently
infected system was examined by Southern blot analysis (3,
21, 49) of samples enriched for high-molecular-weight DNA
by the method of Hirt (17) (Fig. 2). The comigration of the
single band of SV40 sequences in the uncleaved sample (lane
4) and the single band in the sample cleaved with SstI (which
does not recognize any sites on the SV40 genome; lane 5)
with form I standard viral DNA (lane 2) indicates that all of
the detectable viral DNA in the SV40-A172 carrier system is
present in the form of free superhelical molecules. Recon-
struction experiments (lane 2) indicated 5 to 10 and 0.5 to 1
viral genome equivalents per cell, on the average, at weeks
12 and 21, respectively.
The generation of single bands of SV40 sequences upon

restriction with either EcoRI, BamHI, or BglI (Fig. 2, lane 6,
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FIG. 1. Fluorescence micrographs of SV40-infected A172 cells after 11 weeks of persistent infection. Cells stained with anti-T serum (A),
antiserum prepared against disrupted empty capsids (B), anti-VP1 serum (C), and anti-VP3 serum (D). All plates were photographed at the
same magnification.

7, or 8, respectively), each of which recognizes a different
single site on the SV40 genome, and the comigration of those
bands with form III standard SV40 DNA (lane 2) shows that
the viral genomes in this system do not contain the reitera-
tion-type variants that arise in other SV40 systems of
persistent infection and during serial undiluted passage of
SV40 in other cell types (8, 23, 37). In particular, note the
absence of variant viral genomes containing multiple origins
of replication, which would have been revealed by the
generation of aberrant fragments upon restriction with BglI.
Variant viral genomes were also not detected upon a similar
analysis of low-molecular-weight Hirt fractions (17) pre-
pared from the same carrier system samples (lane 1).
The absence of aberrant fragments upon digestion with

each of the "one-cut" enzymes suggests that the viral
genomes in this system are largely, if not entirely, nonde-
fective. This was supported by the restriction of both high-
and low-molecular-weight Hirt fractions with HindlIl, which
recognizes six sites on the standard SV40 genome. Restric-
tion of the carrier system samples with HindIll did not
generate any detectable aberrant fragments (data not shown).
The absence of a notable fraction of viral variants was also

implied by several other findings. For example, all of the
PFU generated by the system produced large plaques on
CV-1 monolayers, similar to those produced by the original
input standard virus stock. Also, autointerference activity,
indicative of a subpopulation of defective viruses, was not
detected. Autointerference would have been revealed if
there were an inverse relationship between the input multi-
plicity of infection and the viral yields obtained when using
the carrier system viral samples as inocula. Instead, the viral

yields varied directly with the input when CV-1 cells were
infected with carrier system stocks (from weeks 12 and 21)
over the range of dilutions examined (undiluted to x20).
Furthermore, defective interfering particle activity, as mea-
sured by yield reduction assays (2, 33), was also not de-
tected. In that assay viral yields were titered 72 h after
coinfecting CV-1 cells with a constant low input of wild-type
SV40 (0.01 PFU per cell) and twofold serial dilutions of the
carrier system stocks. These conditions readily revealed
defective interfering particle activity in SV40 stocks when
the titer exceeded 106 defective interfering particles per ml
(33, 34). Nevertheless, defective interfering particle activity
was not detected in the SV40-A172 carrier system samples.
Viral yields in the coinfected CV-1 cultures were about 5 x
106 PFU/ml, regardless of the input from the carrier stocks.
Thus, whereas defective interfering particles may be present
in the carrier system below our level of detectability, SV40
persistence in A172 cells does not appear to be mediated by
or dependent upon the activity of an excess of variant viral
particles.

Interferon. The SV40-A172 system was tested for inter-
feron production by direct challenge with vesicular stomati-
tis virus (Indiana serotype) at low input multiplicity (2 x
10-4 PFU per cell). The 24-h vesicular stomatitis virus yields
were about 500 PFU per infected cell in both carrier system
and control A172 cells. Thus, interferon is not a factor in the
regulation of this carrier system.

Transformation of the carrier system. As noted above,
virtually all cells of the SV40-A172 carrier system produced
the SV40 intranuclear T antigen. Furthermore, although the
A172 cells were derived from glioblastomas (11), persistent
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FIG. 2. Southern blot hybridization analysis of viral DNA in the
SV40-A172 carrier system. DNA samples from a culture at week 12
of persistent infection were cleaved with restriction endonucleases.
The resulting restriction fragments were separated on a 1% agarose
gel, blotted onto nitrocellulose filters, and hybridized to 32P-labeled
cloned SV40 DNA. Lanes: 1, SV40-A172 Hirt supernatant fraction
digested with BgIl; 2, reconstruction containing a Hirt precipitate of
control A172 cells (5 ,ug) plus wild-type SV40 DNA (4 genome
equivalents) digested together with SstI and then mixed with EcoRI-
digested wild-type SV40 DNA (4 genome equivalents); 3, pBR322-
cloned SV40 DNA (plasmid P777B) digested with BamHI; 4 through
8, SV40-A172 Hirt precipitate fractions (2.5 ,ug) either undigested or
digested with SstI, EcoRI, BgIl, and BamHI, respectively. The
positions in the gel of SV40 DNA forms I and III are indicated.

infection also led to changes in cellular growth (relative to
the control cultures) characteristic of SV40 transformation.
These changes included growth to higher saturation density
and an enhanced ability to grow and form colonies when
plated at low cell density (Fig. 3). However, neither the
growth nor the cloning efficiency of either the persistently
infected or control uninfected A172 cultures was affected by
reduced serum concentrations. Also note that persistent
infection did not impair the ability of the A172 cells to extend
processes that establish intercellular contacts (Fig. 4).

Cytogenetic damage induced by SV40 persistence. The
karyotypes of the persistently infected and control A172
cultures were examined between passages 41 through 46 and
39 through 44, respectively, from when the original explant
culture was initiated. This corresponded to weeks 21 through
24 of persistent infection.

Fifty metaphases from both the uninfected control and
persistently infected cultures were analyzed; three of the 50
uninfected cell metaphases displayed chromosomal changes,
whereas 18 of the 50 metaphases from the persistently
infected culture displayed changes (Fig. 5). These cytoge-
netic effects included SCE (Fig. 5B and C) and also ring
chromosomes (Fig. 5B), acentric fragments (Fig. 5C), and
breaks and gaps (Fig. 5D). The distribution of SCE per
chromosome in the persistently infected and control cultures
is shown in Fig. 6. Persistent infection also caused an
increase in the chromosome number (Fig. 7).

DISCUSSION
Restriction of viral replication to only a small portion of

the cell population, as found in the SV40-A172 carrier
system, is generally necessary for the maintenance of per-
sistent infections involving cytopathic viruses, since it in-
sures the continued survival of a subfraction of potentially
susceptible cells. Such restricted viral replication is the
major characteristic that distinguishes carrier systems from
persistent infections of the steady-state type in which all

cells may be productively infected. Steady-state infections
generally involve noncytopathic budding RNA viruses.
The productive infection in a carrier system may be

restricted by the action of both viral and cellular factors,
including defective viral variants, interferon, and other less
understood cellular factors (see reference 35 for a review).
The expression and relative importance of these factors vary
from one system to another.
The establishment and maintenance of the SV40-A172

carrier system appeared to result primarily from the effect of
host cell factors, since there were no detectable changes in
the viral population from the input SV40 inoculum, whereas
the cells expressed incomplete or transient resistance to
SV40. Interferon was not a factor in this system.
A similar importance of cellular factors in the establish-

ment and maintenance of persistent SV40 infections of
LLC-MK2 rhesus monkey kidney cells was noted earlier (30,
32). In this regard, both the LLC-MK2 and A172 cell lines
plate SV40 inefficiently and subsequently display transient
or incomplete resistance to productive infection, and both
readily generate stable SV40 carrier systems. In contrast,
cultures of green monkey kidney (GMK) cell lines (e.g.,
BSC-1, CV-1), which are much more susceptible to SV40,
become persistently infected only after their nearly complete
destruction (25, 34). Also, the "established" SV40-GMK
cell carrier systems are subsequently less stable, undergoing
periodic episodes of crisis not seen in the A172 and LLC-
MK2 carrier systems. Furthermore, the A172 cells display
even lower levels of infectability and viral yields when
infected with the human BK papovavirus than with SV40,
and BKV-A172 carrier systems are established without any
apparent cytopathic effects whatsoever (Norkin, unpub-
lished results). Thus, a population of restrictive cells may in
general be a major factor in the establishment of stable
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Fig. 3. Effect of persistent infection on colony formation by A172

cells. The plates in columns 1, 2, and 3 were seeded with SV40-
infected A172 carrier culture cells in DME medium supplemented
with 10, 2.5, and 1% fetal calf serum, respectively. The plates in
columns 4, 5, and 6 were seeded with control A172 cells in DME
medium supplemented with 10, 2.5, and 1% fetal calf serum,
respectively. The plates in rows 1 through 5 received 1.3 x 105, 4.3
X 104, 1.4 x 104, 4.7 x 103, and 1.6 x 103 cells per 60-mm petri dish,
respectively. Carrier culture cells were seeded after 11 weeks of
persistent infection. All plates were fixed and stained 10 days after
plating.
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^-~~~~~~-,,
FIG. 4. Light micrograph of Giemsa-stained, SV40-infected A172 cells on day 10 after passage in DME supplemented with 1% fetal calf

serum. Note the bipolar glial cell-like morphology, the extent of the processes, and the intercellular contacts. The field is from the plate in
column 3, row 5, of Fig. 3.

papovaviral carrier systems. It might be expected that less
permissive cell lines might establish carrier systems more
readily than more susceptible cell lines because of their
ability to restrict viral replication. However, exceptions to
this expectation have been observed in other virus-cell
systems (18).

Cellular resistance to productive infection in the SV40-
A172 system initially reflected, at least in part, the low SV40
plating efficiency on A172 cells, since all of the cells even-
tually produced the SV40 T antigen. In the established
system in which the viral T antigen was produced by all
cells, subsequent steps in viral replication must also have
been restricted. Whereas the initial infection might have
selected for classes of somewhat more resistent cells, resist-
ance had to be incomplete or transient in at least some cells
to allow for the continual appearance of new productive cells
that perpetuated the productive infection.
The nature of the block in the nonproductive T antigen-

positive cells is not yet known. It is expressed early, as
indicated by the low average number of viral genomes per
cell and by the failure of all but a few cells to make late viral
proteins. The block is not explained by failure to make any
particular viral protein, since the fraction of cells that
immunofluoresce when stained with antisera prepared against
disrupted capsids is equivalent to the fraction of cells that
react with antisera prepared against purified VP1 or VP3.
Note that in most carrier systems involving either RNA or
DNA viruses the large majority (and in some cases 100%) of
the cells express some viral gene activity as demonstrated by
immunofluorescent staining (35, 46).
Because the integration of papovaviral genomes is a

well-established phenomenon (51), it is interesting that inte-
grated viral DNA was not detected in the SV40-A172 sys-
tem. However, integrated viral genomes might have been
unrecognized if they were located at a number of different
sites in different cells of the system or if they were present in
only a small proportion of the cells. In consideration of these
possibilities, studies of cloned cell populations are currently
in progress. Regardless, other papovaviral carrier systems

have been described in which the viral DNA also appeared
exclusively in a free state (19, 50). Papovaviral genomes also
appear to persist in a free state in vivo, as shown by studies
of BK or JC virus DNA in various organs (e.g., kidney,
liver, spleen, tonsils, brain) from PML as well as "normal"
patients (12, 15, 16). In contrast, integration has been
associated with those nonproductive laboratory infections of
nonpermissive cells which result in transformation (51). For
the maintenance of a carrier system of permissive cells, it
would appear to be advantageous for the viral genomes to be
in a plasmid state, provided that other mechanisms act to
regulate the productive infection.
More enigmatic is the finding that the viral genomes in the

SV40-A172 system are homogeneous and nondefective,
whereas viral mutants arise, are selected, and act to stabilize
other papovaviral carrier systems (24, 33, 34). Indeed, the
generation and action of defective viral variants have been
advanced as a general mechanism to explain viral persist-
ence and chronic viral disease (20). However, the JC viral
DNA isolated directly from the brain of a PML patient is
homogeneous (14). In this respect, the SV40-A172 carrier
system might reflect an important characteristic of the
chronic infection in PML.

Different permissive simian cell lines generate defective
SV40, although some do so more readily than others (37). In
contrast, in the SV40-glioblastoma carrier system described
here and in a persistent infection of human fetal brain cells
with BKV (50), episomal viral genomes persisted which
were indistinguishable from their respective prototype viral
genomes. Nevertheless, neural cells are able to generate
defective papovaviral variants. In particular, A172 cells
were reported to generate and accumulate defective SV40,
even on low-multiplicity viral passes (6). The SV40rA172
carrier system might generate variant viruses at later times.
Regardless, viral variants that might have promoted the
establishment or early maintenance of this system were not
in evidence.
The grossly aberrant nuclei seen in some cells of the

SV40-A172 carrier system resemble the giant nuclei seen in

J. VIROL.
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FIG. 5. Chromosomal aberrations and chromatid exchanges in SV40-infected A172 cells after 21 weeks of persistent infection. (A)
Uninfected A172 cell metaphase containing about 72 chromosomes. (B) SV40-infected A172 cell metaphase containing about 130
chromosomes and displaying sister chromatid exchanges and a ring chrosome. (C) Portion of SV40-infected A172 cell metaphase showing
acentric fragments and a sister chromatid exchange. (D) Portion of SV40-infected A172 cell metaphase showing breaks and gaps.

some astrocytes of PML lesions. Such astrocytes are indeed

a distinctive feature of PML. They are otherwise seen only
in neoplasms (1), and then only rarely (47). Nevertheless
some tumors induced in squirrel and owl monkeys by
intracerebral inoculation with JC virus from the brain of a

PML patient did cotitain focal regions of giant cells in which
there were huge nuclei (27). These results, and our finding

that the aberrant nuclei in the SV40-A172 system correlated
with advanced stages of viral gene expression, suggest that
papovaviral infection might underlie some human giant cell
glioblastomas. However, note that papovavirions are gener-
ally not found in the giant astrocytes of PML lesions (53).
Also, despite the oncogenic potential of JC virus (38), the
neoplastic-like astrocytes in brains of PML patients only
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number of chromosomes in the SV40-infected A172 cell metaphase spreads (see Fig. 7).

rarely generate actual tumor masses (7, 48). The giant
nucleus-containing cells of the SV40-A172 system probably
reflect an advanced stage of lytic viral infection (as indicated
by the presence within them of viral capsid proteins).
Nuclear swelling is indeed a characteristic cytopathic effect
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of papovaviral productive infection in both primate kidney
cells in culture (10) and in the oligodendrocytes of PML
lesions (53).
The persistently infected A172 cells continued to display a

bipolar or astrocyte-like morphology, with extensive proc-
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ess formation and intercellular contacts, similar to that seen
in normal brain astrocytes. The retention of glial morphol-
ogy is noteworthy since it suggests that at least some of the
specialized functions of the non-productively infected car-
rier cells are not necessarily impaired, despite the expres-
sion by those cells of the SV40 T antigen and the trans-
formed phenotype. Further studies on the effects of SV40
persistence on the specialized glial functions of these cells
are in progress.
The SV40-A172 carrier system reflects aspects of the

interaction of papovaviruses with both oligodendrocytes and
astrocytes in the brains of PML patients. Oligodendrocytes
are the only cells that appear to be productively infected in
PML, with resultant oligodendrocytopathy (9, 26). In con-
trast, astrocytes do not appear to be productively infected,
but (as noted above) they may exhibit extraordinarily de-
formed nuclei and a neoplastic appearance. The A172 line of
glioblastoma cells is probably astrocytic in origin. However,
other clonal cell lines derived from glioblastomas indeed
express combinations of oligodendroglial and astrocytic
markers. This might reflect the likelihood that astrocytes and
oligodendrocytes are derived from a common glial cell
precursor (44).
Because several viruses, including the papovaviruses (4,

29), induce chromosomal alterations, we were interested in
the effects of persistent SV40 infection on the karyotype of
the A172 human neural cells. SV40 persistence indeed
caused a variety of chromosomal changes in those cells.
Included among these were SCE, which are believed to
result from a DNA repair process since their incidence is
enhanced by drugs or treatments (e.g., UV, alkylating
agents) that induce lesions that appear after DNA replication
(5, 22).

Studies of rat fibroblasts, transformed by a polyomavirus
mutant temperature sensitive for the viral T antigen func-
tion, showed that an increase in SCE occurred only under
conditions in which T antigen was active (4). In that system,
SCE were promoted by the activity of integrated papova-
viral genomes. The results reported here suggest that SCE
can also be induced by the activity of free papovaviral
genomes. This is of interest in comparison to retrovirus-in-
duced SCE, which does not occur in cells in which integra-
tion is prevented by host cell restriction (42), suggesting that
integration may underlie retrovirus-induced SCE. In con-
trast, papovavirus-induced SCE would appear to result from
a direct or indirect effect of T-antigen expression.

It is not yet known what relationship, if any, exists
between the induction of these cytogenetic effects and the
transformation of the SV40-A172 system. However, note
that chromosomal changes are induced by nononcogenic, as
well as oncogenic, viruses (28).
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